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Abstract— We have developed high-performance x-ray mi-
crocalorimetersbasedon superconductingtransition-edgesensors.
Thesesuperconducting detectors, which are cooledby a compact
adiabatic demagnetization refrigerator mounted on a scanning
electron microscope provide significant new capabilities for x-ray
microanalysis. The performance characteristics of thesedetectors
are nearly ideal for many applications in x-ray microanalysis,at-
taining an enemgy resolutionof 3-4eV at a counting rate of 500s ™!
and an effective collection area of 4 mm?2. The excellentenergy
resolution enablesmeasuementsof chemical shifts in x-ray spec-
tra causedby changesin electron binding enemgy due to chemical
bonding. Another important application of thesedetectorsis anal-
ysisof contaminant particles and defectsfor the semiconductorin-
dustry. We presentdata demonstrating the analysisof particles on
Siwafers,including 0.3 um tungstenparticles and 0.1 xm alumina
particles.

|. INTRODUCTION

We have recentlydevelopedanx-ray spectroscopsystenfor

Il. DETECTOR AND INSTRUMENTATION

An x-ray microcalorimeterconsistsof an x-ray absorbeiin
thermalcontactwith a thermometer The enegy E of aninci-
dentx-ray is corvertedto heatin theabsorbereadingto atem-
peraturerise AT = E/C, whereC is the heatcapacityof the
detector Thetemperaturef themicrocalorimetereturnsto the
equilibriumtemperaturevith a 1/e time constanty, « C/G,
where( is the thermalconductancéetweenthe absorbeand
the heatbath. The enegy resolutionA E of a microcalorimeter
is limited by thermodynamidemperaturdluctuations,so that
AFE « kpT?2C, wherekg is Boltzmanns constantand T
is the detectoroperatinggemperatureLow temperatur¢~ 100
mK) operationimprovesdetectoperformancéy reducingher
mal andelectricalnoise,andby reducingC. Reducecheatca-
pacityimprovesdetectorsensitvity andreducesy.

Several groupshave constructed-ray microcalorimetersis-
ing semiconductothermistorsas thermometerg?2], [3], [4]-
While thesedevices obtain enegy resolutionssufficient for

microanalysisapplicationswhich is basedon superconducting mary microanalysigroblems(~ 7 eV at 6 keV), their intrinsi-

technologieg1]. This prototypenot only demonstratesignifi-  ¢a|ly slow responsgime limits widespreadpplication. Theuse
cantnew microanalysisapabilitiesput alsoshavsthatsuchan - of highersensitiity TESthermometer§5] permitsconstruction
instruments practicalto construcndoperate.Thex-raydetec- f getectorswith improved enegy resolution,and permitsthe

tor, or microcalorimetermeasurethethermalenegy deposited seof strongnegative electrothermateedbacKor betterdetec-

by an absorbed-ray, usinga superconductingransition-edge o responseime.

sensof(TES) asa thermometer The microcalorimeterand an
adjacensuperconductinguantuminteferencealevice (SQUID)
preamplifierare cooledto an operatingtemperatureof 0.1 K
by a two-stageadiabaticdemagnetizatiomefrigerator(ADR).

Fig. 1 shavs a crosssectionalview of a microcalorimeter
includingthephysicallayoutandthe externalelectricalconnec-
tions. Thedetectoiis fabricatedbn a micromachineagnembrane
substrateformed by anisotropicetchingof a Si wafer coated

The detectorsignalis thenfurther amplified by a series-array \jth a.0.25um thick film of low-stresssilicon nitride. Thethin

SQUID operatingat 4 K. The large magneticfield (4 T) nec-

membraneeduceshethermalconductancérom thedetectoito

essaryfor operationof the ADR is producedby a low current thebath,preventsthelossof absorbed-ray enegy via highen-

(10 A) superconductingolenoidalso operatingat 4 K. High
T. BSCCO/Agconductorsare usedas magnetcurrentleadsin
orderto minimizethethermalheatloadonthe 4K bath.

X-ray microanalysiss a powerful andwidely usedtechnique

for providing spatiallyresohedchemicahnalysis.In suchanin-

strumentascanningelectronmicroscopgSEM) createsafinely

focusedelectronbeamwhich excitescharacteristix-raysfrom

thesampleunderanalysis.A spectrometethenanalyzeghe x-

raysto give informationaboutthe chemicalcompositionof the
sample. While two typesof spectrometersgnepgy dispersie

(EDS) and wavelengthdispersie (WDS) spectrometershave

beenwidely usedfor mary years,neithertype of instrument
fully meetsthe microanalysigequirementgacinga variety of

industries. Even at this early stageof development,our mi-

crocalorimetespectrometeperformsbetterthanexisting tech-
nologyfor avarietyof difficult microanalysisapplications.
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Fig. 1. Cross-sectionaliew of the TES microcalorimeter An x-ray
passeghroughan apertureand is absorbedn the Bi film. The
resultingthermalenegy pulseraisesthe temperaturef the TES,
causingan increasein resistanceof the TES, and a pulseof de-
creasecturrentatthe SQUID input.



ergy phononsescapingnto the substrateand eliminatesx-ray
absorptiorin thesubstratg6]. TheelectricalcontactsTES,and
absorberredepositedn the substratechipsby electron-beam
evaporationthroughshadev masks. Electrical contactsto the
TESaremadewith superconductingluminumlineswhichhave
a very smallthermalconductvity. The TES consistsof a 300
nmthick bilayerof Ag andAl. Proximity couplingbetweerthe
normalmetalAg andthesuperconductingl providessharpand
reproduciblesuperconductingransitionsat temperatures the
range50 mK to 1 K. Thethicknessesf thetwo metalsarecho-
sento obtainasuitabletransitiontemperaturetypically 120mK.
A 2 pm Bi film depositesntop of thebilayeris usedasanx-ray
absorberTheareaof theTESandabsorbearebothroughly400
pm by 400 um. Thedetectoffilms aredepositedvithout break-
ing vacuumbetweerevaporatiorsteps.This methodhasproven
to beasimple,andreliablemethodof detectorfabrication.

The use of a superconductindransitionas a thermal sen-
sorprovidesthe detectorwith mary of the advantagesypically
associatedvith superconductingircuits. Owing to their low
normal-stateresistancgR,, ~ 30 mf2), TES microcalorime-
tersarefar lesssusceptibleo microphonicpickup than high-
impedancesemiconductothermistormicrocalorimeters.Low
impedancealsoprovidesefficient couplingto quiet, low-power
SQUID amplifiers. Becausdahe detectors electricalbandwidth
is limited by the L/ R,, time constantof the SQUID input cir-
cuit (L is the sumof the strayand SQUID input inductances),
improved speedand stability are obtainedby mountinga first-
stageSQUID at0.1K closeto thedetectorchip,thusminimizing
strayinductance The outputof this SQUID is furtheramplified
by a series-array\5QUID [7] operatingat 4 K. The large out-
put voltage(5 mV) andhigh outputimpedancg100(2) of the
series-arraysQUID permitthe useof simpleroomtemperature
amplifiers. This arrangemenhasseveral practicaladwvantages.
First,theconnectiongrom thedetectoto thefirst-stageSQUID
(whichrequiredow strayinductancesandresistancesgremade
by very shortsuperconducting\l wire bonds. Also, the large
signalsandrelatively high sourceimpedancgl 2) of the first-
stageSQUID permitsignalconnectiorfrom the0.1K first stage
to the4 K series-arrayo be madeusingconnectorandsimple
twisted pair wiring. This methodincreasessystemreliability
andhassmallthermalloadingontothe0.1K stage.

Constructiorof a practicalprototypesystenmrequirescareful
consideratiorof therefrigerationnecessaryo reachthe operat-
ing temperaturef 100 mK. The refrigeratormustbe compact
enoughto be mountedon an SEM, have low vibration,andbe
simpleto operate.To achiese thesegoals,we usean adiabatic
demagnetizatiorefrigeratoi8] to provide coolingfromthelig-
uid He reserwir at 4K to the detectorstageat 100 mK. The
ADR consistof two paramagnetiépills” constructeaf ferric
ammoniumalum (FAA) andgadoliniumgallium garnet(GGG)
which aresupportedn theboreof 4 T superconductinghnagnet
by alow thermalconductancenechanicasupport.Demagneti-
zationcauseghe FAA pill to cool to 50 mK andthe GGG pill
to 1 K. The GGG pill is usedasanintermediateheatintercept
betweerb0 mK and4 K, reducingthermalleakageto the FAA
pill, thusincreasinghe hold-time of the FAA pill. A mechan-
ical heatswitchis usedto thermally groundboth pills to 4K.
Thedetectoiis mountedon a Curodwhichis in thermalcontact

Fig. 2. Photograplof the ADR cryostatmountedon a commercial
scanningelectronmicroscopecolumn. The microcalorimeteris
mountedcheartheendof asnoutthatextendsinto thesamplecham-
berof themicroscope.

with the FAA pill. A detectoroperatingtemperaturef 70 mK

canbe heldfor over 12 hours,at which time the ADR requires
a magnetic‘rechage” cycle which takeslessthan45 minutes
to perform. A commercialtwo-cryogen(LHe andLN5) cryo-

statprovidesa 4 K bathfor the ADR. The completecryostatis

shavn mountedon the columnof anSEMin Fig 2.

As in ary SEM-basedx-ray spectrometerthe detectoris
mountedas closeas possibleto the sampleunderstudyto in-
creasehefractionof x-rayscollected.To achieve this goal, the
TESmicrocalorimeteis placedattheendof acold fingerwhich
isinsideasnoutthatprotrudegrom thecryostatandextendsinto
the SEM. A commercialvacuum-tightx-ray window placedat
the endof the snoutpermitsx-ray illumination of the detector
Within the snout, two free-standingAl-coated polymer mem-
branesat4 K arepositionedbetweerthe x-ray window andthe
detectorreducingtheinfraredheatioadonthedetector Thisar-
rangemenallows usto placethe detectolessthan30 mm from
the SEM samplestage.

Althoughour microcalorimeterfiave a smallcollectionarea,
we candramaticallyincreasaheeffective detectorareaby using
polycapillary x-ray optics[9], [10]. Theseopticsutilize high-
efficiency grazing-angle-ray reflectionsto deflectx-raysover
awide angle. A polycapillaryoptic consistingof tensof thou-



TABLE |
X-RAY SPECTROMETER COMPARISON

Spectrometefype Enegy Maximum Solid Angle Collection
ResolutioneV) CountRate(s™1) (msr) Efficiengy? (msr)
SemiconductoEDS (highresolution) 130(at6 keV) 3000 25 19
WDS (severalcrystals) 2-20 50000 81025 0.8t02.5°
MicrocalorimetefEDSwith 7 (at6 keV) 150 4 2
polycapillaryx-ray optics 3(atl.5keV) 500 10 5

A morecompletetableis presentedh [1].

“Collectionefficieng is definedasthe productof solid angleandoverall quantumefficiency at1.6keV.
bBecausaNDS accept-raysfrom only a narrav enegy band,its practicalcollectionefficiengy is furtherreduced(up to several ordersof magnitude\when

scannedver theentireenegy range.

<Themicrocalorimeteresultspresentedh this tablereflectdatatakenfrom two detectorf differentdesignusingdifferentoptics.

sandsof fusedglasscapillariescancollectx-raysfrom a point
x-ray sourceandfocusthe x-raysonto the small areaabsorber
of our detector This techniqueincreaseghe effective areaof
themicrocalorimeteby afactorof nearly300for abroadrange
of x-ray enegies(200eV to ~10keV).

I1l. MICROANALYSIS APPLICATIONS

TES microcalorimeteramust showv significant performance
increase®ver currently availabletechniquedo be of practical
valueto the microanalysicommunity In semiconductoEDS,
which constitute®ver 90%of installedx-ray microanalysisys-
tems, the detectorconsistsof a voltage-biasedemiconductor
crystal. Absorbedx-rayscreateelectron-holgairswhich sepa-
rateunderthe appliedelectricfield andyield a collectedchage
proportionalto the x-ray enegy. High-resolutionEDS spec-
trometersachieze an enegy resolutionof roughly 130 eV full-
width at half maximum(FWHM), at a countrateof 3000s™*,
and have a relatively large collection area(25 msr for typical
conditions). In WDS system,an x-ray wavelengthis selected
for measurementy mechanicallyadjustingthe incidentangle
of acurveddiffractingcrystalto satisfytheBraggreflectioncon-
dition. Theresultingx-raysarethenmeasuredisinga propor
tionalcounter While WDS canachieveenepgyresolutionsn the
rangeof 2-20eV at countratesof up 50000s!, they canmea-
sureonly onex-ray enegy at atime, thusrequiringmechanical
scanningof the crystalin orderto obtaina completespectrum.
Thesesystemdave significantlysmallercollectionareasandef-
ficienciesthan EDS systemsandare susceptibldo systematic
errorsdueto variationsin spectrometeefficiency with enegy.
With our TES microcalorimeterwe combinethe enegy reso-
lution of WDS with the easeof useand applicability of EDS.
In Tablel, we summarizetypical performancecharacteristics

of the corventionaland microcalorimetetbasedspectrometers.

Anothernew high resolutionx-ray detectoy the superconduct-
ing tunneljunction [11], canachieze much higher countrates
thanthe microcalorimeterbut hasworseenepgy resolutionand
suffersfrom potentiallyseriousspectrahrtifacts.

A. High ResolutiorEnemgy DispessiveAnalysis

MicrocalorimeterEDS canalreadysolve mary difficult ma-
terials analysisproblemsin the semiconductoindustry Cur
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Fig. 3. MicrocalorimeterEDS x-ray spectrumof TiN. The original
spectrumwascorrectedor enegy nonlinearity resultingin a con-
stantenegy binwidth of 0.45eV perchannebvertheenepgy range
presented.

rently, performanceof microcalorimetelEDS approacheshat
of high-resolutionsemiconductoEDS in termsof solid angle
(4 msrusingan polycapillary optic x-ray lens) and maximum
countrate(500s~!; over1000s~! usingabeam-blankr),while
providing enegy resolutioncomparabldo thatof a WDS. The
enegy resolutionof our first-generatiommicrocalorimeteEDS
(~10eV FWHM overtheenepgy range0 keV to 10keV) allows
straightforvard identificationof closely spacedx-ray peaksin
complicatedspectrasuchasthetechnologicallyimportantma-
terialsTIN andWSiy) which cannotberesohedwith semicon-
ductorEDS.Recentlywehavedevelopeda TESmicrocalorime-
ter with an enegy resolutionof 3-4 eV over the enegy range
0-2 keV. The ability to resole severe peakoverlapsusingthis
detectoris clearlyobseredin Fig. 3, which comparesan x-ray
spectrunmof TiN acquiredin realtime with our microcalorime-
ter EDSto a spectrunobtainedby conventionalsemiconductor
EDS.
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Fig. 4. MicrocalorimeterEDS x-ray spectrumof a 0.3 um diameter
W particleon a Si substrate The original spectrumwascorrected
for enegy nonlinearity resultingin anenegy binwidth perchannel
thatincreasefrom 0.7-1.1eV overtheenegy rangepresentedThe
electronbeamdiameterwas estimatedo be lessthanthe particle
diameter The goodenepy resolutionof this detectorenablesasy
identificationof the closelyspacedi-K andW-M lines.

B. Particle Identification

A difficult microanalysichallengegacingthe semiconductor
industryis the chemicalidentificationof the smallparticlesand
defectgthatoccurin themanufctureof integratedcircuits[12].
As circuit dimensiongontinueto shrink,it becomesmpossible
to performthistaskefficiently with eitherEDSor WDS systems.
To obtainx-ray spectraof asmallparticle theelectron-bearen-
ergy mustbesubstantiallyreducedsothatthemajority of x-rays
originatefrom the particleandnottheunderlyingsubstrateThe
low enepgy electron-beargreatlyreduceghex-ray flux perunit
beamcurrent, while increasingthe likelihood of unresohable
peakoverlaps.Becausef this, both high enegy resolutionand
large efficiency arerequired sothatneitherWDS nor semicon-
ductorEDS aregooddetectorchoices. Additionally, the small
x-ray flux imposesonly modestrequirement®n detectorcount
rate.

In Fig. 4 we shov a microcalorimetelEDS spectrumof a
0.3 um diameterW particle on Si. Such particlescannotbe
analyzedusingsemiconductoEDSdueto theseverepeakover-
lapsbetweerthe Si-K andW-M x-ray lines. The ability of mi-
crocalorimeteEDS to analyzesmall Al; O3 particleshasalso
beeninvestigated.In Fig. 5 we shov microcalorimetefEDS
spectraof Al, O3 particlesassmallas0.1 mmin diameterIn all
casespeakdromtheAl,O; particlesareclearlyobsenableand
area significantfraction of the Si substratepeaks. In the case
of the smallestparticles(0.1 and 0.14 ym) the electronbeam
diametemwaslargerthanthe particle,leadingto increasedub-
stratepeaks.This problemcanbe alleviatedthroughthe useof
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Fig.5. MicrocalorimetelEDSx-ray spectraof severaldifferentlysized
Al,Os particleson a Si substrate. The averagediameterof each
particleis displayeddirectly abore its spectra.The original spec-
trum were correctedfor enegy nonlinearity The electronbeam
diameterwas estimatedo be larger thanthe diametersof the two
smallestparticles. In all caseswe seeclearsignalsfrom both the
aluminaparticeandthe Si substrate.

afield-emissiorSEM.

C. Measuemenbf ChemicalShift

Chemicalshiftsin x-ray spectraresultfrom changesn elec-
tron binding enegiesdueto chemicalbonding. Chemicalshift
measurementwith analyticaltechniquesuchasx-ray photoe-
missionspectroscop and Auger electronspectroscop (AES)
have long beendemonstratetb provide chemicalbondingstate
information. The ability to identify particle oxidationstate(for
example Al andAl,O3) usingAES hasbeendemonstratedsa
meanf determiningsourcesf contaminatiorin semiconduc
tor processingools[13].

The improvedenegy resolutionof our mostrecentTES mi-
crocalorimeteshouldallow routinemicrocalorimeteEDSmea-
surement®f chemicalkhiftsin x-ray spectraln Fig. 6 we com-
parethe chemicalshift obsenedbetweerthesetwo compounds
with both microcalorimetelEDS andWDS [14]. While chem-
ical shifts have beenmeasuredvith WDS, thesemeasurements
are not routinely performedbecauseof systematiadifficulties
andtheextremetime penaltyof scanningTheEDSoperatiorof
themicrocalorimeteensureshatall peakshapesandintegrated
peakintensitiesare readily accessible.With further improve-
mentsin theenegy resolutionof the microcalorimeteranalysis
of the chemicalbondingstateof small particlesmay become
practical.

IV. CONCLUSIONS

We have constructeda prototype high-performancex-ray
spectrometesystem an achiszementmadepossibleby a num-
ber of developmentsin superconductingnd cryogenictech-
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nologies. Our spectrometedemonstratesen capabilitiesfor
avarietyof importantmicroanalysisapplications.
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